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ABSTRACT

Shoaf, Jodie Renee. M.S., Department of Chemistry, Wright State University, 2010.
Thermal and Electrochemical Characterization of Cathode Materials for High
Temperature Lithium-Ion Batteries in Ionic Liquids.

Finding a cathode material to operate a high-temperature Li-ion battery in the
presence of an ionic liquid has become an attractive area of research. Three cathode
materials, LiCoO2, Li4Ti5O12, and LiFePO4, were received from Electrochemical Systems
Inc. of Knoxville, TN. Three ionic liquids were synthesized using a 1-alkyl-3methylimidazolium (XMI+) cation, where the alkyl group was either ethyl, pentyl or
hexyl, and contained a bis(pentafluoroethylsulfonyl)imide (Beti-) anion. The thermal and
electrochemical properties of each ionic liquid, of each cathode material, and each
combination of cathode material in the presence of ionic liquid were studied. All of the
ionic liquids were found to be thermally stable to nearly 400 °C. Potential windows of the
ionic liquids increased when chain length increased from 4.3 V (EMIBeti) to 4.8 V
(HMIBeti). All cathode materials begin to lose mass significantly sooner than the ionic
liquids, around 200 °C. LiCoO2 in the presence of EMIBeti was the most thermally stable
material at ~ 416 °C. Cyclic voltammograms of the cathode materials in the presence of
ionic liquids showed potential windows of ~4 V.
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I.

INTRODUCTION

Batteries
A battery is a device that converts chemical energy into electrical energy. The
chemical energy is released by an oxidation-reduction reaction and this shift in energy is
accomplished by transferring electrons through an outside circuit. There are three main
components of batteries: the anode, the cathode, and the electrolyte. The anode is
represented with a negative sign because it is the main source of electrons. It is also
where oxidation takes place in the cell. Anodic material usually consists of highly
conductive metals that can be easily oxidized.1 At the cathode a reduction reaction is
occurring in which it accepts electrons from the outside circuit and is therefore indicated
by a positive sign. Materials such as metallic oxides are commonly used as cathodes
because they are easily reduced. Electrolytes are used in order to transfer counterbalancing ions between the anode and the cathode. Highly conductive aqueous salt
solutions or pastes, are the most popular electrolytic materials.

1

Zn0

2Ag+ + 2e-

Zn2+ +2e-

Zn Zn2+

2Ag0

Ag+ Ag

Figure 1. A typical battery cell where electrons flow from the anode through an external
circuit to the cathode.

In 1748, Benjamin Franklin first used the term battery to describe an experiment
of his that involved charge separation on glass plates. Production of batteries began
shortly after in 1789 when Allesandro Volta began experimenting with copper and zinc
rods emerged in acetic acid.2 Volta was motivated by anatomist Luigi Galvani who
reported that electrical impulses passed through a frog’s leg when it was secured with
metal pins. In this experiment the electrolyte (acetic acid) and the two different metals
produced a chemical reaction:
Zn + Cu2+ → Zn2+ + Cu
The copper rod collected the energy released from the reaction while the zinc rod was
attacked by the acetic acid. This created a voltage between the two metal rods or
electrodes. Volta’s ultimate discovery was that by separating discs of different metals
with a conducting solution he was able to induce a current flow through a copper wire.
This particular experiment marked the invention of the first voltaic battery. Its uses were
quickly realized and became commercially available in the 1830’s.3 Years later in 1866,
2

Georges LeClanche´ developed the first practical dry cell that led to many new inventions
and innovations in battery technology that are commonly used today.2
The battery industry is now a multi-billion dollar enterprise with demands for its
uses in camcorders, cell phones, power tools, laptop computers, and much more. These
batteries all come in a variety of shapes and sizes. The size of the battery is directly
related to the amount of electricity it can distribute, also known as the total available
energy, measured in Watt-hours (Wh). Most common commercially available shapes are
cylindrical, prismatic and button shaped.
Batteries can be broken up into two categories: primary and secondary cells. As
their name suggests, a primary cell can only be used once after all of the chemicals in the
discharge process are consumed in a primary cell. A secondary cell, or rechargeable
battery, uses a reverse reduction-oxidation reaction, so the battery can be recharged and
discharged multiple times before the useful life of the battery ends. These batteries are
charged by passing a current through the cell in the opposing direction from the discharge
current.1
Primary Cells
The oldest and most common type of primary cell is LeClanchés dry cell from
1866.3 A zinc anode and carbon-manganese dioxide cathode comprises the design of this
cell along with most primary cells used today. The shorthand, schematic representation
for this cell can be characterized as shown below:
Zn(s)│Zn2+(aq), NH4+ (aq)│Mn2O3(s), MnO2(s), C(s)
The overall reaction for the cathode and the anode are as follows:

3

Anode: Zn(s) → Zn2+ (aq) + 2eCathode: 2MnO2(s) + 2NH4+ (aq) + 2e- →Mn2O3(s) + 2NH3 (aq) + H2O (l)
A wet cell was also one of the first cell designs which consisted of an aqueous electrolyte
of ammonium chloride and zinc chloride. Today, cells utilize a paste to immobilize the
electrolytes and are commonly referred to as dry cells. These cells are suitable power
supplies for portable electronics like toys, radios, and flashlights. Zinc-mercuric oxide,
lithium, and metal-air batteries are other common types of primary cells. Primary cells
are popular because they are affordable and easy to manufacture. These cells posses a
low shelf life and a high energy density for low and moderate discharge rates. However,
since electrochemical reactions are irreversible, the cell must be disposed of once it has
been discharged completely. Another disadvantage is that the cells often contain harmful
substances.
Secondary Cells
A secondary cell is a battery that can be recharged. There is a high demand for a
smaller, lighter battery that will provide higher amounts of energy, and will acquire a
higher shelf life. A high cycle life value, or the total number of times a battery can be
recharged and discharged before the energy and power values begin to decrease
significantly, is also desirable. These demands are especially important for portable
electronics such as cell phones, laptops, and mp3 players.4 Currently, there are several
types of batteries that have been produced that meet these demands. Among them are
Lead-acid, Nickel-Cadmium, and lithium and lithium ion batteries. The lead-acid cell is
the most common secondary cell used today. This cell uses a lead dioxide cathode and a
lead sponge anode, both submerged in an electrolyte composed of sulfuric acid. These
4

cells can be found in automobiles and are used for engine start-up. The nickel cadmium
cell has a nickel oxyhydroxide cathode and a cadmium anode. These are commonly
found in portable power tools. Lithium and lithium ion batteries will be discussed in
greater detail below.
Lead-Acid Batteries
Gaston Planté designed the first lead-acid cell in 1859.3,5 This type of cell is the
most widely used secondary cell in production today. It is mainly used for starting
automobile engines. The cathodic material of this cell is lead dioxide while the anodic
material is typically a lead sponge. Both electrodes are immersed in a specific electrolyte
composed of sulfuric acid. Schematically, it can be written as follows:
Pb (s), PbSO4 (s) │H2SO4 (aq) │PbSO4 (s), PbO2 (s), Pb (s)
The overall net reaction is shown below:
discharge
charge

Pb (s) + PbO2 (s) + 2 H2SO4 (aq)

2 PbSO4 (s) + 2H2O (l)

Some advantages of these cells are the low production cost for raw materials, its’ superior
reversibility of electrochemical processes, long life cycle, and its’ ability to operate over
a wide range of temperatures. There are, however, some drawbacks to these cells which
include: weight of the cell due to the lead, environmental concerns due to the toxicity of
lead, and its’ low cycle life for deep cycling.3
Nickel-Cadmium Batteries
The Nickel-cadmium (Ni-Cd) battery is a rechargeable battery first designed by
Waldemar Jungner in 1899.3 These batteries contain a nickel oxyhydroxide cathode and a
cadmium anode. The overall electrochemical cell process and a schematic representation
is shown below:
5

Cd (s), Cd (OH)2 │KOH (aq) │Ni(OH)2 (s), NiO(OH) (s)
discharge

Cathode: NiO(OH) + H20 + e-

charge

Ni(OH)2 + OH-

discharge

Anode: Cd + 2OH-

charge

Cd(OH)2 + 2e-

The products that are formed in these reactions are insoluble hydroxides that will remain
on the surface of the electrodes allowing them to be easily recharged. These batteries are
advantageous over other rechargeable batteries because they posses very little resistance.4
This quality makes them very useful in applications such as portable power tools. Ni-Cd
batteries have a constant discharge voltage, can undergo hundreds of charge-discharge
cycles, and are good performers at low temperatures. However, the cadmium in the
batteries is extremely toxic making these quite unfavorable. The cost and inability to hold
a charge when not in use are also some disadvantages of these batteries. The memory
effect, or when the battery life shortens due to recharging when the battery has not been
fully discharged, is also a major concern.3,4 Some modifications of this battery involving
different negative electrodes have been developed. There are advantages and
disadvantages to these zinc, hydrogen, and metal hydride materials as well.3, 4, 5
Lithium and Lithium Ion Batteries
Lithium and lithium-ion batteries have become an excellent power source due to
their high energy density and exceptional power performance. Lithium is a popular
material because it possesses a high standard reduction potential of 3.04 V at 25 °C, a
low electrochemical equivalent weight, and a low density of 0.51 g/mL. Lithium is the
lightest of all metals, has the largest energy content, and has the greatest electrochemical
6

potential.4,5 In both lithium and lithium-ion batteries, the electrolyte is the medium in
which lithium ions and countercharge ions between the cathode and the anode are
transported.4 In other cells the electrodes actively participate in the electrochemical
reactions. However, in lithium and lithium-ion cells this is not the case. Safety is one of
the biggest problems associated with advanced applications of lithium batteries.
Particularly, electrolyte materials contribute to the harmful situations encountered by a
battery cell. This is due in part by their flammability and their reactivity toward charged
positive and negative electrode materials at high temperatures.5
Pioneering work for lithium batteries began in 1912 by G. N. Lewis. In 1962, the
first non-rechargeable lithium batteries were made by J. Chilton and G. Cook and became
commercially available in the 1970’s.6 This battery contained a negative electrode
composed of lithium metal and a positive electrode made up of metallic halide salts such
as AgCl or CuCl2. The electrolyte was a solution of LiCl-AlCl3 that was dissolved in
propylene carbonate. This electrolyte reacted to form soluble complexes such as CuCl2-,
which caused the irreversible electrochemical reactions within the cell as well as
deterioration of the positive electrode.
To remedy this problem the development of solid materials that could be used as
electrolytes was introduced in the 1970’s.7 These materials could host both the Li ions
and electrons without destruction of their own crystal lattice. They were ideal materials
for the positive electrodes in lithium batteries. The first cathode material developed for
the lithium battery was the highly conductive TiS2. Exxon was the first to market the
material in a rechargeable lithium watch battery coupled with a LiAl negative electrode.6
NiPS3,8 MoS2,9 V2O5, and MnO2 were other possible materials studied for their use in
7

lithium batteries as well.10 In the early 1980’s LixCoO2 was proposed as a possible
material for positive electrodes.11 Presently, this is one of the most commonly studied and
used positive electrodes in lithium batteries.1
Lithium metal as the negative electrode has also been studied, demonstrating
many disadvantages. Dendrite formation is common among lithium metal caused by
corrosion of the repeated charging and recharging of the cell.3, 5, 6, 12 An excess of lithium
is required to compensate for the lithium lost during plating and stripping, or dendrite
formation.3,5 The plated lithium formed during recharging is very porous, which gives it a
large surface area and increases the reactivity with the electrolyte, leading to dendrite
formation. This is problematic since the dendrites lower the thermal stability of the
electrode and can cause internal short-circuiting, making the cell a potential fire hazard.5
Trying to solve the problem of dendrite formation has been an ongoing project. The first
attempt involved lithium alloys, such as LiAl materials. However, this was unsuccessful
because of the lithium diffusion and large volume changes in the electrode.3, 5
A second attempt at solving the dendrite dilemma was the development of the
lithium ion battery. This type of cell does not involve the use of lithium metal and lithium
metal is not plated during cell reactions. These batteries operate with a carbon insertion
material as the negative electrode, which allows the incorporation of up to six lithium
atoms per carbon into the lattice structure. The lithium ions are intercalated into the
negative electrode during charging, and released during discharge as shown in Figure 2.13

8

Figure 2. Lithium transport (discharge) in the lithium ion battery.

The substitution of the lithiated carbon for the lithium metal is suitable because the
voltages of the lithium ion battery are nearly equal to cell voltages of lithium metal cells.5
The positive electrodes used in lithium ion cells are the same as the ones used in lithium
metal cells. The most popular cathode material is LiCoO2.
The electrolyte chosen for the lithium ion battery is very vital. The electrolyte
must be non-aqueous, possess good ionic conductivity, must be thermally stable, and be
compatible with all components of the cell. The electrolyte must contain a wide
electrochemical potential window (0-5V), since the electrolyte is constantly subjected to
a dc bias that is equal to the cell voltage.1 Instability of the electrolyte will cause it to
degrade and the cell will be useless. The most popular electrolytes for both lithium metal
and lithium ion cells are aprotic solvents that contain inorganic salts, such as LiAlF6, and
LiBF4. Cyclic esters, such as propylene and ethylene carbonate, and ethers, are common
aprotic solvents used as electrolytes in these batteries. The biggest setback for the use of

9

organic electrolytes is their flammable tendencies, due to the volatility of the electrolyte
under stressful and abusive conditions.3, 5, 14 This can be monitored with the installation
of safety devices in the cells which shut the cell down if it begins to overheat.

Cathode Materials
For the past several years lithium ion batteries have dominated the battery
industry in portable electronic devices. This is due, in part, to their high gravimetric and
volumetric energy densities. Researchers believed that the success of these batteries on
the small scale would translate to large-scale applications. Large scale applications would
have a positive impact in the future of the environment by reducing pollution and
improving energy efficiency. However, the major setback for lithium ion batteries in
large scale applications is safety. Under normal use, these batteries are considered safe.
Conversely, under abuse conditions, the safety of these batteries is the technical barrier
for applications such as electric vehicles, plug-in hybrid electric vehicles (PHEVs), and
hybrid electric vehicles (HEVs).15,16 This thermal runaway not only hinders the
performance of lithium ion batteries, but it also is a major safety hazard. Even though the
thermal runaway mechanism is initiated by the anode in combination with the electrolyte,
the rapid temperature rise in the cell, which dominates the heat generated during the
process, is produced by the cathode that is reacting with the electrolyte.15,16 Thus, finding
a structurally stable cathode to use in lithium batteries is vital.
Lithium ion batteries have historically used lithium metal oxides as cathode
materials due to their high capacity for lithium intercalation and suitable physical and
chemical properties required for Li-ion electrodes. LiCoO2 is one of the most extensively
10

studied cathode materials due to its excellent performance. Its major disadvantages are
production cost, toxicity, and thermal instability. Recently, an olvine structure material
based on phosphates (LiFePO4) has emerged as a possible cathode replacement. This
material is environmentally benign, abundant, inexpensive, and contains relatively high
capacities.15,16 However, LiFePO4 has a low electronic conductivity. Attempts to improve
this problem have been studied by the use of coating the active material with a thin layer
of carbon. Li4Ti5O12 has also been introduced as a promising electrode material. It is a
zero strain material (no volume change in lithiation/delithiation) however, it is a poor
electronic conductor. To improve rate performance of this material, doping with
monovalent cations to improve electronic conductivity and particle size reduction to
reduce diffusion distance have been suggested.17
Thermal Properties of Cathode Materials
It has been discovered that the anode/electrolyte reaction for lithium-ion batteries
is initiated first; however, the rapid kinetics reaction of the cathode/electrolyte dominates
the outcome of the total heat generation under abuse conditions.18 Preventing thermal
runaway becomes extremely difficult if the cell temperature is high enough to trigger the
cathode reaction. Therefore, it is vital to find the most thermally stable cathode material
that also possesses the required electrochemical performance.18
Currently, differential scanning calorimetry (DSC), accelerating rate calorimetry
(ARC), and thermal gravimetric analysis (TGA) are being used to analyze the stability of
different components of lithium-ion cells. It has been concluded that charged cathode
materials in lithium ion cells, such as LixNiO2, LixMn2O4, and LixCoO2 are unstable and
decompose releasing oxygen when temperatures increase. The evolved oxygen tends to
11

react with the organic solvent in the electrolyte, ultimately generating heat.18 LiFePO4 is
considered to be relatively thermally stable, while the thermal stability of Li4Ti5O12 is not
yet recorded.
Electrochemical Applications of Cathode Materials
The electrochemical properties of LiCoO2 are very good. This material exhibits a
voltage around 4 V. LiCoO2 is the most preferred cathode material in successful Li-ion
batteries. However, as previously mentioned, it is relatively expensive, and has a
relatively low capacity. LiFePO4, belonging to the family of phosphate-olivine’s is
considered a very promising cathode material for lithium-ion batteries. It possesses a
discharge potential of more than 3 V and has become a good candidate for lower-voltage
application of the Li-ion battery. Capacities of 170 mAh/g and a 1-h discharge rate have
been achieved using an electronically conductive coating that enhances the kinetics of the
reaction.19 This material possesses good safety characteristics, long cycle life, and is
widely available.20 LiFePO4 possesses a low electronic conductivity and slow lithium ion
diffusion across phase boundaries between FePO4 and LiFePO4. Li4Ti5O12 possesses a flat
discharge-charge profile at 1.55V vs Li and a specific capacity of 175 mAh/g.17

Molten Salts and Ionic Liquids
A molten salt is a liquid with a very high melting point that is composed entirely
of ions. The term, ionic liquid, is used to describe a salt in the liquid phase. The first
molten salt was discovered in the 19th century where it was used to verify Faraday and
Davy’s Laws of Electrolysis.21,22 Traditional molten salts have very high melting
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temperatures, such as 800 °C for sodium chloride (NaCl). Molten salts are practical in the
use of reaction media because of their high thermal stability and electrolytic conductivity,
low vapor pressure, low density, low dielectric constant, high thermal capacity, and wide
range of electrochemical and thermochemical stability. There are also some major
disadvantages of molten salts. The first disadvantage is their high operating temperatures,
which results in serious material incompatibility for reactions done at any scale, and
industrial scale processes incur considerable energy costs to maintain these high
temperatures.23 A second disadvantage is their corrosiveness or ability to destroy or
irreversibly damage another substance with which it comes in contact. Finally, molten
salts are disadvantageous because of their hygroscopic nature, or ability to attract water
molecules from the surrounding environment through either absorption or adsorption.
In order to lower the melting point of typical molten salts a melt can be obtained
by mixing the inorganic salts. Two typical inorganic salts in their liquid state are lithium
chloride (LiCl) and potassium chloride (KCl) whose melting points are 610 °C and 776
°C respectively.24 These were first tested for use as lithium battery electrolytes. When a
melt between these two inorganic molten salts is obtained the melting point is decreased
to 355 °C. This melt lowers the operating temperature of the battery to 350-500 °C and
have been used as electrolytes in lithium-sulfur batteries and lithium alloy-metal sulfide
batteries.5 However, even lower temperatures are desired.
In order to achieve these lower melting temperatures, a new class of molten salts,
room temperature ionic liquids (RTIL), has been developed that make them ideal
replacements for organic electrolytes in ambient temperature lithium metal and lithium
ion batteries. The discovery of the first RTIL was in 1914. This ionic liquid was
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composed of an ethylammonium cation and nitrate anion with a melting point of 12
°C.25,26 Ionic liquids typically possess an organic cation, usually unsymmetrical and
relatively large, an organic or inorganic anion, and have melting points less than 150 °C.
The anion chosen can allow for fine tuning of chemical properties like acidity, air
sensitivity, and water miscibility.27 Common advantages of ionic liquids are their strong,
structured liquid states, lack of vapor pressure, inherent ionic strength, large
electrochemical windows, high conductivity, low density, and high thermal stability.28
Haloaluminate Ionic Liquids
Lowell A. King, from the United States Air Force Academy, was the first to
synthesize haloaluminate ionic liquids in the early 1950’s. Instead of using the typical
LiCl-KCl melts, King was the first to use inorganic chloroaluminates.29 In doing so, the
operational temperature of the system was decreased. There was also a decrease in the
degradation processes that were typically caused by molten salts. An example of this type
of ionic liquid is a NaCl-AlCl3 mixture which, depending on the mole fraction, can
possess a melting point as low as 107 °C. The importance of this ionic liquid was in its
much lower melting point. However, it was only useful as an electrolyte when the AlCl3
concentration was at a mole fraction of approximately 0.66.25
In 1982, it was discovered that the use of 1-ethyl-3-methyimidazolium chloride
(EMICl) with AlCl3 produced a compound that was liquid and thermally stable from -100
to 200 °C depending on the mole ratio of EMICl to AlCl3.30,31 This particular ionic liquid
contained an electrochemical window of 0.9 V, was thermally stable, and highly
conductive. The main problem with these chloroaluminate melts is their highly reactive
nature with water, which generates HCl and is corrosive to many materials.25 It is vital
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that handling of these materials be done in inert atmospheric conditions and storing them
should be done in glass containers. Over the past twenty years, dialkylammonium based
ionic liquids have been popularly investigated for their role as an electrolyte with a more
negative reduction potential than AlCl4- salts (III).32
Non-Chloroaluminate Room Temperature Ionic Liquids
In 1992, several new ionic liquids were synthesized by varying the anion
associated with the EMI+ cation. Inorganic anions such as, tetrafluoroborate (BF4-),
hexafluoroarsenate (AsF6-), and hexafluorophosphate (PF6-).33-35 These ionic liquids
possessed a lower reactivity with air and moisture than other ionic liquids. EMIBF4 was
determined to have an electrochemical window of 4 V, which was higher than any
previous ionic liquid and was thermally stable up to 300 °C.33
The development of these ionic liquids persuaded the further advancement of
ionic liquid research. Soon it was discovered by varying the chain length on the cation
and coupling it with a different anion, thousands of different ionic liquids with different
properties could be synthesized. With the ability to control which cations and anions were
used this allowed for the ability to vary properties of the desired ionic liquids. Some of
the more popular studied cations and anions are shown in Figure 3.
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Common Cations:
H

H
NH+

HN

P
H

N
NH+

H

H

H

Phosphonium

H
H

Imidazolium

Ammonium

Pyridinium

Common Anions:
F3CO2S N SO2CF3-

PF6-

CF3SO3-

BF4-

Figure 3. Common cations and anions utilized in forming ionic liquids.

Ionic liquids as Green Solvents
With cleaner, more environmentally friendly synthesis becoming the trend, ionic
liquids are being used as solvents at a rapid rate. Ionic liquids can be considered a “green
solvent” since their vapor pressure is negligible and therefore they do not pollute the
environment. They can be substituted for typical solvents such as acetonitrile, benzene,
and toluene in organic reactions. The pairing of different cations with different anions
allows the synthesis of designer solvents to occur whose properties can be tailored to the
application of the ionic liquid.26 Since ionic liquids are non-volatile liquids at ambient
temperatures and are often composed of non-coordinating ions, they can be used as
solvents, catalysts, or in some cases, both.25 These systems have been shown in organic
separations36, Friedel Crafts37, 38, Diels Alder39, and Grignard40 reactions, as well as
electrolytes in batteries.41-44
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Separations in Ionic Liquids
Ionic liquids are useful tools in many types of organic separations because they
are miscible with many substances that have a wide range of polarities and can dissolve
organic and inorganic species simultaneously.26 These liquids are also able to be re-used
in separations. These properties allow for the possibility of separating new mixtures that
were previously inseparable due to miscibility or limited liquid range constraints. They
also create many opportunities to modify existing separation techniques.
Friedel-Crafts Reactions in Ionic Liquids
Friedel-Crafts chemistry involves the acylation or akylation of an aromatic ring
via electrophilic aromatic substitution with an acyl or alkyl halide. These reactions were
developed by Charles Friedel and James Crafts in the late 1870’s.44 These reactions
typically use AlCl3 to promote ionization of the halide species in an inert organic solvent.
The reactions typically take place under anhydrous conditions over the duration of
several hours. Two scientists, Holbrey and Seddon reported the successful alkylation and
acylation of aromatic rings using the chloroaluminate (III) ionic liquids, which acted as
the solvent and the catalyst in these reactions.37 Later, in 1998, Stark et al. discovered the
ability to use an N-ethyl-N’-methylimidazolium iodide/halogenaluminate ionic liquid as
the catalyst and solvent in the acylation of ferrocene shown in Figure 4.45

Figure 4. The acylation of ferrocene described by Stark et al.
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Diels-Alder Reactions in Ionic Liquids
Diels-Alder reactions are organic reactions that utilize ionic liquids as major
solvents. The Diels-Alder reaction involves the addition of an isolated alkene to a
conjugated diene, forming a cyclic product. There are many advantages of using ionic
liquids as solvents for Diels-Alder reactions. For instance, they greatly enhance the rate
of the reaction, they can be used under pressure over a wide thermal range (-40-200 °C),
as well as their non-oxidizing and non-explosive nature.39 Selectivities can be improved
to 20:1, when coupled with a mild Lewis acid. This is a drastic increase when compared
to its typical 4:1 selectivity when performed in an organic solvent.39 EMIBF4 is one
example of an ionic liquid being used in a Diels-Alder reaction of methyl acrylate and
cyclopentadiene shown below in Figure 5:

Figure 5. The reaction of methyl acrylate and cyclopentadiene with EMIBF4 as the
solvent.

Grignard Reactions in Ionic Liquids
The Grignard reaction is commonly used in organic chemistry to produce
alcohols. Handy et al reported the successful reduction of an aldehyde to an alcohol via a
Grignard reagent. He was able to achieve 60% yields in the reaction and he was able to
synthesize the new ionic liquid. It was also discovered that there was very little hindrance
of the reaction and the ionic liquid was proven to be easily reusable for several reactions.
Handy’s reaction is shown below in Figure 6.40
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Figure 6. The use of a novel ionic liquid as a reusable solvent in a Grignard reaction.

Electrolytes for Batteries
Good batteries have an electrolyte that will not oxidize or reduce over the
intended electrochemical window. Since ionic liquids are thermally stable, have a wide
electrochemical window, wide liquid range, no vapor pressure, and are highly
conductive, they are great candidates for electrolytes in batteries.46 Many ionic liquids are
resistant to water absorption which helps sustain the life and efficiency of the battery.43
Most batteries run at temperatures above ambient so an electrolyte that will not evaporate
or degrade is a priority. An example of this degradation can be shown in a lithium ion
battery, where the lithium atom (Li0) is oxidized to a lithium ion (Li+) at the anode
followed by reduction back to Li0 when recharged. The battery will become useless if the
electrochemical window of the electrolyte is not large enough to allow the transition from
cathode to anode and back to cathode, which causes the Li+ to react with the electrolyte.
An electrolyte with a wide liquid range also allows for the salvation of a wide variety of
organometallic, inorganic, and organic species which is very useful in the applications of
batteries.32 Pyrazolium based ionic liquids are good candidates for battery electrolytes in
lithium ion batteries because at high temperatures they will not react with the lithium
metal.29

19

Ionic Liquids in Lithium and Lithium Ion Batteries
Ionic liquids are electrolytes that are receiving much attention for potential use as
an inert electrolyte in lithium metal and lithium ion cells. The first ionic liquid studied as
a battery electrolyte was a melt containing aluminum chloride and 1-ethyl-3methylimidazolium chloride.47 Depending on the ration of EMICl to AlCl3, conductivities
for this melt range from 11.7-22.7 mS/cm, with a potential window of 3.6 volts. It was
discovered that lithium deposition was reversible after the addition of thionyl chloride,
SOCl2, to a lithium salt containing EMICl-AlCl3, which gives rise to the possibility of
using this melt in batteries with rechargeable lithium anodes.48 This melt tends to react
with moisture and form HCl. AlCl3 tends to be chemically aggressive which makes it
difficult to handle and is therefore less appealing for electrolyte applications. Ionic
liquids, with greater air and moisture stability, are now the focus for battery electrolytes.
Combining ionic liquids with typical organic electrolyte solvents, such as
carbonates, is one approach taken to solve air and moisture stability conflicts. Another
approach involves dual intercalating molten electrolyte (DIME) batteries, or lithium ion
test cells. In this instance the EMI+ cation is coupled with one of the following anions:
AlCl4, BF4-, PF6-, or CF3SO3-.49 These batteries are assembled in the discharged state and
utilize a single room temperature ionic liquid electrolyte and an inexpensive graphite
intercalating material for the cathode and the anode. DIME batteries are not produced
with manganese, cobalt oxides, or nickel so they are much safer and less toxic than most
lithium ion batteries. Coupling the 1,3-diakylimidazolium cation with anions like
tetrafluoroborate or trifluoromethanesulfonate will also decrease the air and moisture
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sensitivity of the ionic liquids, while maintaining the desirable physical and
electrochemical properties of the chloroaluminate melts.10

Synthesis of 1-alkyl-3-methylimidazolium Based Ionic Liquids
The first step in the synthesis of an ionic liquid involves a quaternization reaction
of an alkyl halide, such as Cl- and N-methylimidazole (Figure 7). In order to prevent
contamination of oxygen and water, the reaction is typically performed in inert
atmospheric conditions. If oxygen or water is present during the initial quarternization
reaction there will be a discoloration in the liquid and side reactions can occur.32 The
reaction produces clear halide salt crystals.

N

+

R

N

X

+

X

N

N

R

Figure 7: The quarternization reaction of N-methylimidazole with an akyl halide
producing a halide salt. R products are typically ethyl (EMI+), pentyl (PnMI+), or hexyl
(HMI+)

The second step involves an anion exchange reaction performed on the halide salt,
exchanging the halide for another negatively charged ion resulting in the formation of an
ionic liquid (Figure 8).
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Figure 8: The production of an ionic liquid using the anion exchange reaction.

Purifying ionic liquids is a vital step in their synthesis since impurities in the ionic
liquids can have detrimental impacts on physical properties of the ionic liquid, which
include, the electrochemical potential window, density, viscosity, and thermal
properties.32 If the ionic liquid is not clear it can be assumed that contamination has
occurred. Some helpful tips on avoiding contamination involve not washing the
glassware with acetone, which has been shown to produce a yellowish color, as well as
distilling the N-methylimidazole prior to use to remove any unwanted contaminants.32
After the formation of clear halide salt crystals, they are often recrystallized with ethyl
ether and acetonitrile to remove all remaining impurities.
The final steps in the synthesis of the ionic liquid involve the washing of the ionic
liquid several times with deionized water to remove any residual traces of the halide.
Typically, vacuum filtration has been used to filter unwanted salts that may have been
produced in the anion exchange reaction. After unwanted ions have been removed, the
ionic liquid is dried in a vacuum in order to remove all traces of water. If water is present
the electrochemical potential window has been shown to be reduced by several volts
when undergoing oxidation and reduction within the potential window of the ionic
liquid.32 The presence of water has also shown the formation of HF in ionic liquid which
will cause the ionic liquid to become corrosive. 32
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Properties of 1-alkyl-3-methylimidazolium Based Ionic Liquids
Thermal Properties of Ionic Liquids
Decomposition temperature, melting point, and glass transition temperature (Tg)
are some thermal properties that have been studied for many ionic liquids. In order to
determine decomposition temperature, thermal gravimetric analysis (TGA) is used.
Typical 1-alkyl-3-methylimidazolium based ionic liquids have a decomposition
temperature above 350 °C.32 Some have even been reported to having a decomposition
temperature above 400 °C.41, 46,50, 51 Table 1 lists some of the most common 1-alkyl-3methylimidazolium based ionic liquids decomposition temperatures.

Table 1. Decomposition temperatures for some 1-alkyl-3-methylimidazolium based ionic
liquids.
Ionic Liquid

Decomposition

Reference

Temperature (°C)
EMIPF6

375

46

PMIPF6

335

46

BMIPF6

433

51

BMIBeti

402

51

EMINTf2

439, 455

46, 50

PMINTf2

453

46

Large, asymmetric ions used in synthesizing ionic liquids, have been shown to
reduce the melting point due to charge delocalization. This delocalization disrupts the
packing efficiency of the ionic liquid.32 The coulombic charges that are present in the
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ions of imidazolium based ionic liquids are disrupted lowering their melting points. Alkyl
groups on imidazolium do not have a large effect on decreasing the melting point as
compared to ionic liquids with other cations. When comparing different alkyl chains for
ionic liquids with the same anion, as chain length increases, melting points tend to
decrease.52
The glass transition values for imidazolium based ionic liquids tend to have a very
small range from -76 °C to -92 °C.41, 46, 50, 53 A supercooling effect of certain ionic liquids
has been observed in which melting and freezing points will differ by 84 °C.51 Due to
instrument constraints this effect can make it extremely difficult to determine freezing
and melting points.
Electrochemical Applications of Ionic Liquids
Ionic liquids were first made popular for applications in electrochemical studies.54
As previously mentioned, their high conductivity, low melting points, low vapor
pressure, great thermal stability, and wide electrochemical window (>3.0 V) make them
useful for electrolytes in lithium and lithium ion batteries, as well as other
electrochemical devices. In particular, the electrochemical properties of 1-alkyl-3methylimidazolium ionic liquids play a vital role in their contribution towards batteries
and other power sources. Compared to other solvents these liquids have a very large
electrochemical window, as shown in the table below:
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Table 2: Electrochemical potential windows for common ionic liquids.
Ionic Liquid

BMINTf2

Working

Reference

Potential

Reference

Electrode

Electrode

Window (V)

Pt

Ag│Ag+ in

4.6

55

DMSO
EMIBF4

Pt, Pt

Ag│AgCl- wire

4.3, 4.5

56. 57

EMINTf2

Pt, Pt, GC

I-│I3-, Ag wire

4.3, 4.1, 4.5

58, 59, 60

BMIPF6

Pt, CNT

Ag│Ag+ in

4.4, 4.2

55. 61

DMSO
PMINTf2

GC

Li│Li+

4.3

62

BMIBF4

GC, Pt

Li│Li+

4.2, 4.1

62, 63

EMIBeti

GC

Ag wire

4.1

59

For an ionic liquid, the electrochemical window depends on the resistance of the
anion to oxidation and the cation to reduction.32 Stabilities of anions towards oxidation
have been determined to be Cl-, F-, Br- (halides) < [AlCl4] - (chloroaliminates) ≤ PF6-,
AsF6- (fluorinated ions) ≤ NtF2-, (C2F5SO2)N- (trifyl ions) ~ BF4-.32 Studies to determine
the stability of the cation towards reduction have also been conducted: pyridinium <
imidazolium ≤ pyrazolium ≤ ammonium when combined with the previous cations.
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II.

EXPERIMENTAL

Materials
N-methylimidazole (99%) was purchased from Aldrich Chemical Company, Inc.
Prior to use it was purified by vacuum distillation at 100 mm Hg and 65 °C. 1chloroethane gas (99.7%), 1-chloropentane (99%), and 1-chlorohexane (99%) were also
purchased from Aldrich Chemical Company Inc. and were used as received. Lithium
bis(pentafluoroethanesufonyl)-imide (FC-130) was purchased from 3M Corporation and
was used without any further purification. Silver tetrafluoroborate (AgBF4) was
purchased from Alfa Aesar Co. and was used as received. Deuterated acetonitrile (99.5%)
and acetone were purchased from Sigma Aldrich. Cathode materials, LiCoO2, Li4Ti5O12,
and LiFePO4, were received from Electrochemical systems Inc. of Knoxville Tennessee.
The cathode electrodes were made by coating the cathode materials with a 90% mixture
of either LiCoO2, Li4Ti5O12, or LiFePO4, combined with 6% ethylene black and 4%
polyvinylidiene difluoride on aluminum foil.
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Instrumentation and Characterization
Electrodes
The electrodes of cathode materials (LiCoO2, Li4Ti5O12, and LiFePO4) were made by
taking a small platinum disc electrode (~5mm) and attaching the aluminum foil disc
covered with cathode material via conductive epoxy. Once the material was attached then
a GC Electronics Red GLPT insulating varnish sealant was sealed entirely around the
edge of the Al disc to ensure that only a reaction could occur between the liquid and the
cathode material. An example is shown in Figure 9 below.

Figure 9. Electrode containing the cathode material disc (LiCoO2, Li4Ti5O12, or
LiFePO4).
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Thermal Gravimetric Analysis
A Perkin Elmer 7 Series Thermal Analysis System as well as a TGA Q5000 was
used to measure thermal gravimetric analysis. Each run was performed under nitrogen
with a temperature scan range from 30-650 °C with a heating rate of 10 °C/min. A
baseline was run for each experiment using a general procedure. The baseline required a
blank run at the same conditions as the actual sample run. The baseline was automatically
subtracted from the sample runs. Samples of each cathode material were scraped from
their aluminum backing and run separately then run together with each separate ionic
liquid. A total of approximately 10-20 mg was measured for each trial with ionic liquids.
Cathode materials were scraped from the aluminum foil with an approximate weight of 5
mg. The system was cleaned in-between runs to remove any traces of salt or cathode
material.
Electrochemical Measurements
The electrochemical potential windows of the ionic liquids were performed with a
glassy carbon working electrode, an Ag│AgCl reference electrode, and a Platinum
counter electrode. Electrodes containing different cathode materials were measured by
the use of an EG&G Princeton Applied Research (PAR) 173 potentiostat/galvonastat
equipped with a PAR 175 universal programmer. The analog data was converted to
digital data using a MacLab/4 Analog Digital Instruments interface. After digital
conversion, the data was recorded using Scope V3.1 software and echem V1.5 software.
Approximately 2 ml of ionic liquid was placed in a micro cyclic voltammetry cell. The
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working electrode contained either Pt on LiCoO2, LiFePO4, or Li4Ti5O12. The reference
electrode was Ag│AgCl, and the auxillary electrode was a platinum wire.

Synthesis
Preparation of 1-ethyl-3-methylimidazolium chloride (EMICl):
1-ethyl-3-methylimidazolium chloride was synthesized by reacting 1chloroethane and N-methylimidazole in a safety coated pressure bottle manufactured by
Ace Glass Company. All synthesis was performed inside a glove bag filled with nitrogen.
First, 1.30 moles (81.28 grams) of 1-chloroethane were condensed into a pressurized
bottle using a liquid nitrogen/ethanol bath at approximately -30 °C (Figure 10). Next,
1.02 moles (83.75 grams) of distilled N-methyimidazole was added to the solution. A
Teflon threaded stopper was used to seal the bottle and it was then taken out of the glove
bag and stirred in an oil bath set at 45-50 °C. Two layers of liquid could be seen after a
few hours. The size of these two layers forming in the bottle was used to monitor the
progress of the reaction. The reaction flask was removed from the oil bath after
approximately eight days where it was then placed in the freezer until EMICl crystals
formed. The next step was to dissolve the crystals in acetonitrile and recrystallize again
using ethyl ether. After decanting off the excess ethyl ether the crystals were dried in a
vacuum overnight and stored in a dessicator.13
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Figure 10. Condensation and reaction setup for the reaction of 1-Chloroethane with Nmethyimidazole.

Preparation of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4):
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) was prepared by
reacting 1-ethyl-3-methylimidazolium chloride with an equivalent amount of silver
tetrafluoroborate. The traces of Cl- ion were removed by potentiometric titration with
AgBF4 until the equivalence point was reached. The equivalence potential was
determined independently from the titration curve of Cl- with AgBF4 in ionic liquid
diluted with H20 (1:1 ratio). The solution was titrated with silver tetrafluoroborate until
the potentiometric equivalence point of 425 mV was obtained from the titration curve of
Cl- with Ag+. (Figure 11).
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Figure 11. Titration curve of chloride ion in EMIBF4 with silver nitrate. Ag/AgCl
indicator electrode and Hg/HgSO4 reference electrodes were used.

The working electrode used to monitor the potential during the titration was
Ag/AgCl in conjunction with the Hg/HgSO4 reference electrode. The solution was
allowed to stir for 30 minutes and the resulting AgCl was filtered and excess water was
removed using rotary evaporation.
The colorless liquid was placed on medium vacuum for 24 hours to further
remove moisture to a value around 50 ppm water. Sometimes the solution was a
yellowish color due to the presence of impurities. Activated alumina was added in an
attempt to remove the colored impurities. The solution was then allowed to stir for 48
hours. The solution was filtered to remove the alumina and placed in a dry round bottom
flask. The solution was then placed back on the high vacuum to remove any other
remaining solvents. To prevent absorption of moisture from the atmosphere, the solution
was transferred into a vial in an inert atmosphere dry box and stored until needed.
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The following ionic liquids were previously made by Jennifer Decerbo13 and their
synthesis is as follows:
Preparation of 1-ethyl-3-methylimidizolium bis(pentafluoroethanesulfonyl)-imide
(EMIBeti):
1-ethyl-3-methylimidizolium bis(pentafluoroethanesulfonyl)-imide was prepared
using an ion exchange reaction with EMICl and LiBeti. First, approximately 82 grams of
EMICl were dissolved in 200 mL of water. Then an equimolar amount of lithium
bis((pentafluoroethane)sulfonyl)imide (LiBeti), dissolved in 200 mL of water, was added.
Two layers of EMIBeti and water immediately formed and the solution displayed a
cloudy appearance. After the solution was stirred overnight the resulting ionic liquid was
placed in a separatory funnel to separate the aqueous layer, which contained dissolved
LiCl, from the ionic liquid layer. By washing the LiCl approximately 25 times with 40
mL portions of deionized water, the LiCl was completely removed from the ionic liquid.
Washing was complete when the aqueous phase no longer tested positive for Cl- when
reacted with Ag+. After chloride removal, the ionic liquid was dried on a high vacuum
line (5 x 10-4 mm Hg) to remove excess water.13
Preparation of 1-pentyl-3-methyimidazolium chloride (PnMICl):
In a glove bag filled with nitrogen, 65.0 grams of 1-chloropentane was added to
45.3 grams of distilled N-methylimidazole (a 1% excess of chloropentane) in a reaction
bottle described in the synthesis of EMICl. After sealing the bottle it was then removed
from the glove bag and placed in an oil bath set at a temperature of 45-50 °C and was
stirred for approximately ten to fourteen days. The progress of the reaction was
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monitored as before, by the size of the separate layers that were produced. After
completion of the reaction the bottle was cooled in the freezer to enhance PnMICl crystal
formation. However, the PnMICl product obtained was a viscous liquid that did not
crystallize. The un-reacted liquid was decanted before any further reaction.13
Preparation of 1-pentyl-3-methylimidazolium bis(pentafluoroethanesulfonyl)-imide
(PnMIBeti):
1-pentyl-3-methylimidazolium bis(pentafluoroethanesulfonyl)-imide was
prepared similarly to the synthesis of EMIBeti. The structure and purity were confirmed
using 1H NMR and 13C-Dept135. Peaks were found at 8.97 (s, 1H), 7.74 (t, 1H), 7.68 (t,
1H), 4.34 (t, 2H), 4.04 (s, 3H), 1.95 (m, 2H), 1.35 (m, 4H), and 0.89 (t, 3H) ppm.13
Preparation of 1-hexyl-3-methylimidazolium chloride (HMICl):
1-hexyl-3-methylimidazolium chloride (HMICl) was prepared by a typical
synthesis from 1-chlorohexane and N-methylimidazole. A 10% molar excess of 1chlorohexane (49.4 g) was added to distilled N-methylimidazole (30.6 g) and allowed to
react for two weeks at 45-50 °C. Synthesis was performed in a nitrogen filled glove bag
with a reaction bottle as described in the synthesis of EMICl. The bottle was sealed and
removed from the glove bag, then placed in an oil bath at 45-50°C and stirred for eight
days. The progress of the reaction was monitored by the size of the two layers produced.
However, this synthesis formed a thick viscous liquid with only one layer. Unreacted
material was decanted before any further reaction proceeded. This particular reaction
produced an 86% yield.13
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Preparation of 1-hexyl-3-methylimidazolium bis (pentafluoroethanesulfonyl)-imide
(HMIBeti):
1-hexyl-3-methylimidazolium bis(pentafluoroethanesulfonyl)imide was prepared
in the same manner as EMIBeti except that 1-hexyl chloride was used instead of EtCl. 1H
NMR peaks found at 8.97 (s, 1H), 7.74 (t, 1H), 7.67 (d, 1H), 4.05 (t, 2H), 4.34 (s, 3H),
1.96 (m, 2H), 1.36 (m, 6H), and 0.88 (t, 3H) ppm confirm the structure and purity of the
ionic liquid. 13C-Dept135 spectra also confirmed the results.13
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III.

RESULTS AND DISCUSSION

Several new cathode materials, LiCoO2, Li4Ti5O12, and LiFePO4, were
investigated for their possible use in high temperature Li-ion batteries using different
imidazolium based ionic liquids as electrolytes. Presently, Li-ion batteries operate at
relatively low temperatures because organic solvents (ethylene carbonate, diethylene
carbonate, etc.)64 are being used as the electrolyte solution. Since they begin to
decompose at + > 60 °C they cannot be used at higher temperatures (> 100 °C). In this
work, we have investigated possible use of ionic liquids (EMIBeti, PnMIBeti, and
HMIBeti) as electrolytes for Li-ion batteries at higher temperatures. Thermal stability of
ionic liquids as well as cathode materials in the presence and absence of ionic liquids
were investigated.
As stated in the experimental section, the synthesis involved the formation of 1alkyl-3-methylimidazolium chloride by reacting the corresponding alkyl chloride with Nmethylimidazole:

N

+

R

N

Cl

+
N

N

R

The replacement of the chloride ion with the Beti- anion was the second step in the
formation of the ionic liquids:
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The syntheses of PnMIBeti and HMIBeti had not been formerly reported in
literature. Three separate cathode materials: LiCoO2, LiFePO4, and Li4Ti5O12 were
received from the University of Tennessee Electrochemical Systems. Thermal properties
of the individual ionic liquids as a function of alkyl chain length, individual cathode
materials, and the combination of ionic liquids with cathode materials were studied by
use of TGA analysis. There does not seem to be a clear trend in thermal properties of
Beti- ionic liquids with increasing alkyl chain length.
Thermal Properties of Ionic Liquids
Thermal gravimetric analysis (TGA) was conducted on each of the three ionic
liquids. The temperature where the ionic liquid began to decompose was taken to be the
start temperature (Tstart) and the temperature at the intersection of the baseline weight and
the tangent of the curve where decomposition occurs is labeled the onset temperature
(Tonset).41 Figure 12 displays these two parameters. All three ionic liquids are stable up to
400 °C. After analyzing the data, TGA curves of EMIBeti, PnMIBeti, and HMIBeti are
shown in Figures 13, 14, and 15 respectively. An overlay of all three ionic liquids is
shown in Figure 16. It can be seen that as chain length increases, thermal stability tends
to decrease. The Tstart and Tonset values are listed below in Table 3.
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Figure 12. TGA decomposition curve for imidazolium based ionic liquids with Tstart and
Tonset values labeled.

Figure 13. Thermal decomposition curve of EMIBeti (20.52 mg).
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Figure 14. Thermal decomposition curve of PnMIBeti (20.20 mg).

Figure 15. Thermal decomposition curve of HMIBeti (18.57 mg).
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Figure 16. EMIBeti, PnMIBeti, and HMIBeti thermal decomposition curves.

Table 3. Tstart and Tonset values for EMIBeti, PnMIBeti, and HMIBeti.
Tstart (°C)

Tonset (°C)

EMIBeti

330

430

PnMIBeti

315

423

HMIBeti

325

418

Thermal Properties of Cathode Materials
Thermal Gravimetric Analysis was performed on the three cathode materials. The
Tstart and Tonset values were also determined and are listed in Table 4 below. After thermal
analysis, TGA curves of LiCoO2, Li4Ti5O12, and LiFePO4 are shown in Figures 17, 18,
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and 19 respectively. An overlay of all three cathode materials can be seen in Figure 20. It
was found that the start temperatures (Tstart) were considerably lower than that of the
ionic liquids but the overall onset values for LiCoO2 and Li4Ti5O12 were approximately
10 °C higher than the ionic liquid temperatures. LiCoO2 displayed the best thermal
properties showing a Tonset temperature at ~ 440 °C; however this material began losing
small amounts of weight beginning at ~ 290 °C. Li4Ti5O12 began to decompose around
400 °C and had a Tonset temperature of ~ 438 °C and a Tstart value at ~150 °C (2%).
Finally, LiFePO4 began losing weight at ~ 115 °C and had a Tonset temperature of ~ 411
°C.

Figure 17. Thermal decomposition curve of LiCoO2 (3.97 mg).
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Figure 18. Thermal decomposition curve of Li4Ti5O12 (3.59 mg).

Figure 19. Thermal decomposition curve of LiFePO4 (3.22 mg).
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Figure 20. LiCoO2, Li4Ti5O12, and LiFePO4 thermal decomposition curves.

Table 4. Tstart and Tonset values for LiCoO2, Li4Ti5O12, and LiFePO4.
Tstart (°C)

Tonset (°C)

LiCoO2

290

440

Li4Ti5O12

150

438

LiFePO4

115

411
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Thermal Properties of Cathode Materials in Ionic Liquids
Thermal Gravimetric Analysis for each separate cathode material was done in
each ionic liquid. A total of nine combinations of TGA Analysis were conducted. The
purpose of this analysis was to verify that no additional chemical reaction occurs in the
ionic liquid when heated to elevated temperatures. To do so, the TGA of the individual
ionic liquids can be compared to the TGA of the individual cathode material. If no
change in temperature occurred, than no additional reaction took place. The Tstart and
Tonset values were also determined for each combination and the results are displayed in
Table 5 below. There does not seem to be a clear trend in thermal stability for these
different combinations. However, LiCoO2 in EMIBeti appears to be the most thermally
stable combination of cathode material in ionic liquid.
Comparisons of TGA analysis, cathode materials (LiCoO2, Li4Ti5O12, and
LiFePO4) with each ionic liquid (EMIBeti, PnMIBeti, and HMIBeti) are shown below in
Figures 21-32. The overlay spectra are also included. The Tstart and Tonset values for
LiCoO2, in general, possess the highest thermal stability. LiCoO2 and Li4Ti5O12
decompose at approximately the same temperature, however the LiCoO2 materials in
ionic liquids tend to carry a higher weight percent after decomposition occurs. It is
interesting to notice from the TGA of LiFePO4 a loss of weight of 2% from 460 °C to
400 °C. However, the TGA of LiFePO4 does not show any weight loss in this
temperature range indicating that the decomposition product stays in ionic liquid.
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Figure 21. Thermal decomposition curves of LiCoO2, EMIBeti, and LiCoO2 + EMIBeti.
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Figure 22. Thermal decomposition curves of LiCoO2, PnMIBeti, and LiCoO2 +
PnMIBeti.
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Figure 23. Thermal decomposition curves of LiCoO2, HMIBeti, and LiCoO2 + HMIBeti.
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Figure 24. Thermal decomposition curves of LiCoO2 with different ionic liquid
combinations.
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Figure 25. Thermal decomposition curves of Li4Ti5O12, EMIBeti, and Li4Ti5O12 +
EMIBeti.
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Figure 26. Thermal decomposition curves of Li4Ti5O12, PnMIBeti, and Li4Ti5O12 +
PnMIBeti.
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Figure 27. Thermal decomposition curves of Li4Ti5O12, HMIBeti, and Li4Ti5O12 +
HMIBeti.
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Figure 28. Thermal decomposition curves of Li4Ti5O12 with different ionic liquid
combinations.
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Figure 29. Thermal decomposition curves of LiFePO4, EMIBeti, and LiFePO4 +
EMIBeti.
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Figure 30. Thermal decomposition curves of LiFePO4, PnMIBeti, and LiFePO4 +
PnMIBeti.
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Figure 31. Thermal decomposition curves of LiFePO4, HMIBeti, and LiFePO4 +
HMIBeti.
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Figure 32. Thermal decomposition curves of LiFePO4 with different ionic liquid
combinations.

Table 5. The Tstart and Tonset values for all combinations of cathode materials in ionic
liquids.
Tstart (°C)

Tonset (°C)

LiCoO2 + EMIBeti

338

416

LiCoO2 + PnMIBeti

330

410

LiCoO2 +HMIBeti

340

408

LiFePO4 + EMIBeti

345

415

LiFePO4 + PnMIBeti

320

408

LiFePO4 + HMIBeti

340

410

Li4Ti5O12 + EMIBeti

305

400

Li4Ti5O12 + PnMIBeti

348

402

Li4Ti5O12 + HMIBeti

351

404
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Electrochemical Properties of Ionic Liquids
Potential windows were determined for the 1-alkyl-3-methylimidazolium based
ionic liquids by cyclic voltammetry. A glassy carbon working electrode, an Ag│AgCl
reference electrode, and a Platinum counter electrode was used. It can be seen that the
potential window increases as the alkyl chain increases. The cyclic voltammograms are
shown in Figure 33 and the data is displayed in Table 6.

Figure 33. Electrochemical potential windows of the Beti- ionic liquids. The current range
was set to 10 µA/V and the scan rate was 100 mV/s.13

Table 6. Specific potential windows for Beti- ionic liquids.
Positive Potential (V) Negative Potential (V)

Total Window (V)

EMIBeti

2.1

2.2

4.3

PnMIBeti

2.2

2.3

4.5

HMIBeti

2.3

2.5

4.8
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Electrochemical Properties of Cathode Materials in Ionic Liquids
The cathode electrodes were made by coating the cathode material, LiCoO2,
Li4Ti5O12, or LiFePO4, (90% cathode material, 6% ethylene black, and 4%
polyvinylidiene difluoride) on aluminum foil. The cyclic voltammograms of alkyl methyl
imidazolium beti ionic liquids, using LiCoO2 electrode at room temperature, is shown in
Figure 34. At the initial positive sweep, using PnMIBeti ionic liquid, the anodic current
does not change. After reversing the potential at 1.8 V the current does not increase until
E = -2.3 V. This gives a potential window for LiCoO2 electrodes of 4.1 V. At more
negative potential reduction of Li+ occurs. At more positive potential (>1.8 V) the
oxidation of Li0 occurs. Similar voltammograms of LiCoO2 electrode in EMIBeti and
HMIBeti were also obtained (Figures 35 and 36). LiFePO4 electrode in EMIBeti and
HMIBeti ionic liquid gives a potential window of ~ 4V (Figures 37 and 38).

Figure 34. Cyclic voltammogram of LiCoO2 in PnMIBeti. Rate: 50 mV/sec
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Figure 35. Cyclic voltammogram of LiCoO2 in EMIBeti. Rate: 50 mV/sec.

Figure 36. Cyclic voltammogram of LiCoO2 in HMIBeti. Rate: 50 mV/sec.
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Figure 37. Cyclic voltammogram of LiFePO4 in EMIBeti. Rate: 50 mV/sec.

Figure 38. Cyclic voltammogram of LiFePO4 in PnMIBeti. Rate: 50 mV/sec.
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The cyclic voltammorgram of Li4Ti5O12 electrode in EMIBeti containing LiBeti
is shown in Figure 38. The electrochemical cell had separate anodic and cathodic
compartments. The auxillary electrode was Pt wire and the reference electrode was
Ag/AgCl. On the initial negative sweep the CV displayed a cathodic maximum at E = 0.5 V which corresponds to the extraction of Li+ and reduction of to Ti5O124- to Ti5O12.
Upon the reverse scan, the oxidation peak at E = 0.0 V corresponds to the reoxidation of
Ti5O12 to Ti5O124- and reinsertion of Li+. This pair of oxidation and reduction peaks
corresponds to lithium extraction/insertion in Li4Ti5O12 structure. The reproducibility of
the peaks in the CV’s confirms a good reversibility of the lithium extraction/insertion
reactions.

Figure 39. Cyclic voltammogram of Li4Ti5O12 in EMIBeti with LiBeti showing the
extraction/insertion of Lithium at a scan rate of 1 mV/sec.
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IV.

CONCLUSION

In this work, thermal and electrochemical properties of cathode materials (LiCoO2,
Li4Ti5O12, and LiFePO4) in the absence and presence of ionic liquids (EMIBeti,
PnMIBeti, and HMIBeti) were characterized.
Thermal gravimetric analysis (TGA) proved that the ionic liquids were stable to
nearly 400 °C which makes them popular candidates for use in Li-ion batteries. TGA of
the cathode materials showed a decrease in thermal stability of nearly 200 °C. However,
when the cathode materials are in the presence of ionic liquids thermal stability was also
around 400 °C. This proves that the decomposition product stays in ionic liquid. This also
proves that these cathode materials are suitable for Li-ion batteries. It was seen that as
alkyl chain length increased, thermal stability decreased. The most stable cathode
material in the presence of ionic liquid combinations is LiCoO2 in EMIBeti, around ~ 416
°C.
Electrochemical potential windows of 1-alkyl-3-methylimidazolium
bis(pentafluoroethylsulfonyl)imide ionic liquids ranged from 4.3-4.8 V. The potential
increased when the alkyl chain length increased. These values are slightly better than
some other ionic liquids used for battery electrolytes.
Electrochemical potential windows of cathode materials in the presence of ionic
liquids showed potential windows of ~ 4 V. Although, LiCoO2 is currently the most
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common cathode material used in Li-ion batteries today, LiFePO4 is quickly gaining
attractive possibilities for use as well. Li4Ti5O12 in the presence of EMIBeti and LiBeti
showed common oxidation and reduction peaks corresponding to lithium
extraction/insertion in the Li4Ti5O12 structure. The cyclic voltammorgram displayed a
cathodic maximum at E = -0.5 V while the reverse scan had a value of E = 0.0 V.
Research can be extended on the thermal and electrochemical studies of these
cathode materials and ionic liquids in order to further prove their full capabilities.
Determining melting and freezing points would aid in thermal stability conclusions. Also,
additional electrochemical studies would help in determining their abilities for battery
electrolytes. Determining conductivity of materials, viscosities of liquids, and densities of
ionic liquids are a few other possibilities that would be beneficial for this work.
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Figure 40. 1H NMR Spectra of EMIBeti.13

Figure 41. DEPT-135 Spectra of EMIBeti. 13
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Figure 42. 1H NMR Spectra of PnMIBeti. 13

Figure 43. DEPT-135 Spectra of PnMIBeti. 13
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Figure 44. 1H NMR Spectra of HMIBeti. 13

Figure 45. DEPT-135 Spectra of HMIBeti. 13
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